Improved Arterial Compliance by a Novel Advanced Glycation End-Product Crosslink Breaker
A rterial wall stiffening often occurs with aging and is exacerbated by diabetes and hypertension. [1] [2] [3] It is the major cause of reduced total arterial compliance (C A ) and increased central pulse-wave velocity, changes that both widen the pulse and disproportionately increase systolic pressure. A growing recognition that vascular stiffening and increased pulse pressure (PP) are dominant risk factors for cardiovascular disease, 4 -8 particularly among the elderly, 9 -12 is driving the search for novel agents that can specifically enhance C A and reduce pressure pulsatility. 13, 14 Artery compliance is determined by ambient mean pressure, endothelial function, vessel tone, and artery structure and composition. Current antihypertensive therapies focus on the first 3 factors, 13 ,15 yet this can run the risk of reducing diastolic pressure while inadequately lowering PP. 13, [15] [16] [17] Treatments targeting structural factors remain largely unexplored. Among the latter are alterations in matrix proteins within the vessel wall from nonenzymatic crosslinks between glucose (or other reducing sugars) and amino groups that generate advanced glycation end-products (AGE). 18, 19 AGE accumulate slowly on longlived proteins such as collagen and elastin to stiffen both arteries and the heart, and decreasing these crosslinks can enhance vessel and cardiac compliance in experimental animals. 20 -23 The new thiazolium derivative, ALT-711 (3-phenyacyl-4,5-dimethylthiazolium chloride), which catalytically breaks established AGE crosslinks between proteins, 24 reduces arterial stiffening, slows pulse-wave velocity, enhances cardiac output, and improves LV diastolic distensibility in experimental animals. 20, 22, 23 The present study tested whether ALT-711 improves C A and lowers PP in older human subjects with baseline vascular stiffening.
Methods

Patients
A total of 93 individuals aged Ն50 years, with evidence of vascular stiffening (PP Ն60 mm Hg, systolic blood pressure Ն140 mm Hg, and large artery compliance Յ1.25 mL/mm Hg) were entered into the study. Concomitant antihypertensive treatment was permitted as long as it started at least 4 weeks before screening and was expected to continue unchanged throughout the study. Patients were excluded if they had a history of coronary angina, myocardial infarction, bypass surgery, coronary angioplasty, cerebrovascular accident, valvular disease, malignant hypertension, type 1 or unstable type 2 diabetes mellitus, documented autonomic neuropathy, chronic active pulmonary disease, atrial fibrillation, and New York Heart Association class II to IV heart failure. Laboratory exclusions were serum creatinine Ͼ1.5 mg/dL, Ͼ3ϩ proteinuria, serum transaminases Ͼ1.5ϫ normal, and known seropositivity for HIV, hepatitis C, or hepatitis B.
Patients were recruited and screened from hypertension and general medicine clinics and hypertension databases. Subjects provided informed consent, and the Investigation/Ethics Review Board for each participating center approved the protocol.
Design and Procedures
Subjects were randomized to oral ALT-711 (210 mg, once per day) or placebo for 56 days. Randomization favoring ALT-711 (2:1) helped provide additional safety/tolerance data. Tablets containing 70 mg of ALT-711 or placebo of identical appearance were dispensed with instructions to take 3 tablets once a day at Ϸ8 hours after an overnight fast. Both sponsor and investigators were blinded to treatment assignments during the study.
Patients underwent noninvasive cardiovascular testing and safety evaluations at a screening visit (which occurred Յ21 days before first dosing), at baseline (day 1), and over the subsequent 8-week study period. Physiological evaluations consisted of resting arm-cuff blood pressure, radial arterial tonometry, and echo-Doppler ultrasonography to assess vascular compliance, 25, 26 cardiac output, stroke volume (SV), peripheral resistance, and carotid-femoral pulse wave velocity. Full cardiovascular assessments (echo-Doppler and pressure/tonometry) were obtained at baseline, day 28, and day 56. Pressure-only data and clinical assessments were also obtained on day 3, and biweekly. Smoking and caffeine and alcohol consumption were prohibited 8 hours before and during testing.
Arm-cuff blood pressures were recorded in triplicate in an upright/ seated position, after an overnight fast and before taking study medication. The average of the 2 latter recordings was used. Duplicate supine radial pulse waveforms and cuff pressures (CR-2000, HDI) were averaged. Pulse-Doppler waveforms (HP Sonos 5500 or equivalent) from the aortic root, right carotid, and femoral artery, with simultaneous ECG and 2D aorta annulus area images were obtained.
Vital signs, 12-lead ECG, clinical laboratory testing, and full physical examination were obtained at each visit. Adverse events were monitored by patient interview and/or observed adverse experiences.
Data Analysis
Mean artery pressure (MAP) was estimated using the following equation: [systolic blood pressureϩ(2ϫdiastolic blood pressure)]/3. 
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Radial tracings from 30-second recordings were de-trended and calibrated to match mean and diastolic brachial pressures, on the basis of the similarity of these values to invasive measurements. 27 Individual waveforms outside the 95% confidence interval of the mean were excluded, and remaining beats (typically Ͼ10) were processed by a 10-term autoregression-exogenous filter to synthesize central pressures. 25, 26 C A was determined by the area method 28 and indirectly evaluated from the quotient of SV to resynthesized central PPs (SV/PP). 29 The latter strongly correlates with C A in humans 29 and predicts cardiovascular risk for patients with uncomplicated hypertension. 30 The analysis used custom software and was blinded to subject, time point, and treatment. Ultrasound data were recorded on tape and forwarded to a core laboratory (Bayview Medical Center, Johns Hopkins Medical Institutions, Baltimore, Md) for blinded analysis. SV was determined from the aortic annulus area times flow velocity integral. Aortic pulse wave velocity (PWV) was the external distance between carotid and femoral artery sites divided by wave propagation time. The latter was the time difference from the R wave of the QRS complex to the foot of each flow wave.
Statistical Analysis
As a proof-of-concept trial, there was no single end point and no prior ALT-711 data on which to make precise sample-size estimates. Using published single-center data, we estimated a sample size of 72 for 80% power to detect a 14% difference in PWV. Due to methodology and study design differences and the desire to obtain some additional preliminary data at selected sites, this was adjusted upward to 93. Post hoc analysis confirmed this sample size was adequate to detect an 11% change in PWV or C A at 80% power. The study was not powered for stratification on the basis of the presence or absence of diabetes or other cofactors such as sex, race, or preexisting drug therapy. Only 4 subjects dropped out of the study (2 in each study group); 2 for personal reasons and 2 due to symptoms (transient dizziness or atrial fibrillation, with concerns over potential drug-coumadin interaction; both in the ALT-711 group).
Statistical analysis was based on intention-to-treat, with lastvalue-carried-forward for missing data (eg, patient dropout, missing or un-interpretable Doppler image data). Drug-mediated effects were tested by a 2-way repeated-measures ANOVA (RMANOVA). Within-group changes were assessed by 1-way RNANOVA, with post hoc testing by paired t tests and Bonferroni correction. Data are presented as meanϮSD.
Results
Clinical characteristics and baseline hemodynamics are provided in Table 1 . Type II diabetes was present in 25% of each group. Nearly 90% of subjects received at least one antihypertensive agent, usually an ACE inhibitor or angiotensin II receptor blocker. There were no significant differences in C A , PWV, SV/PP, systemic vascular resistance, cardiac output, or heart rate. Pulse and diastolic pressures were borderline different between groups (Pϭ0.06 for both).
Influence of ALT-711 on Blood Pressure
PP declined in the ALT-711 group (PϽ0.0001 for withingroup RMANOVA), but this effect was not observed in placebo (Pϭ0.46). The net drug interaction was significant (Pϭ0.033 for RMANOVA; Figure 1A) , with a Ϫ5.3Ϯ9.9 mm Hg decline with ALT-711 at day 56 versus Ϫ0.6Ϯ8.2 mm Hg decline with placebo (Pϭ0.02 between groups).
The disproportionate decline in PP was not due to differences in mean pressure, which fell similarly by 3 to 5 mm Hg in both groups (PϽ0.015 in placebo, PϽ0.001 in ALT-711, Pϭ0.34 for treatment-interaction). Systolic pressure ( Figure 1C ) declined in both groups (Pϭ0.048 in placebo, PϽ0.0001 in ALT-711), with no significant treatment interaction. However, there was somewhat less decline in diastolic pressure with ALT-711 versus placebo ( Figure 1D ; Pϭ0.058 for drug interaction) that contributed to the PP disparity.
ALT-711 Effects on C A and PWV
ALT-711 increased C A at day 28 nearly 15% ( Figure 2A ; PϽ0.005), and it remained significantly elevated at day 56 (PϽ0.05). C A was not altered with placebo (Pϭ0.01 for treatment interaction). PWV ( Figure 2B ) was not significantly altered at day 28 (PϾ0.25 in both groups); however, it declined at day 56 in the ALT-711 group (Ϫ7%; PϽ0.05 versus baseline) while remaining unchanged in placebo (Pϭ0.08 for treatment-time interaction, Pϭ0.041 by analysis based on paired changes-versus-baseline). This is consistent with an early decline in PP in both groups but a subsequent disappearance of this change in placebo only. The SV/PP ratio ( Figure 2C ) strongly correlated with C A (rϭ0.95, Figure 1 . Effect of ALT-711 versus placebo on arterial blood pressure. Data are obtained from upright brachial cuff pressure recordings made in the morning after an overnight fast. Data are shown as absolute changeϮSEM relative to baseline at days 3, 14, 28, 42, and 56 (D3, D14, etc) after starting treatment. Probability values reflect drug effect by 2-way RMANOVA. A, PP consistently fell 5 to 7 mm Hg in the ALT-711 group, significantly more than placebo, which declined early and then returned to control values by day 56. As demonstrated in the remaining panels, the major source for this disparity was a difference in diastolic pressure response. B, MAP declined slightly but significantly in both groups, with no effect of treatment. C, Systolic artery pressure declined in both groups and although ALT-711 responses tended to be somewhat greater, this did not reach statistical significance. D, Diastolic pressures declined slightly less with ALT-711 than placebo, and this interaction effect achieved borderline significance.
PϽ0.00001), and it also declined in ALT-711 but not placebo-treated subjects (Pϭ0.03). There was no relation between changes in SV/PP and heart rate (PϾ0.3). Cardiac output, systemic vascular resistance, heart rate ( Figures 2D  through 2F) , SV, and aortic root diameter (data not shown for latter two) were unaltered in either study group.
Although study treatment was fully randomized and blinded, baseline diastolic pressure was borderline higher in placebo, and PP was slightly lower. This is unlikely to reflect round-up bias, because that would apply to all patients equally. However, it raises a concern for a contribution of regression to the mean. We tested this by reanalyzing the data after excluding patients with a resting diastolic pressure Ն100 mm Hg and a PP Ն90 mm Hg (eliminating 4 patients in placebo and 8 in ALT-711 groups). The resulting subset had no significant (or borderline) baseline differences in diastolic pressure (84.9 versus 82.9 mm Hg; PϾ0. 25 35) . Despite this, all the primary findings remained the same: there were significant increases in C A and SV/PP in ALT-711 versus placebo (Pϭ0.009 and PϽ0.03 respectively), a decline of 5 to 6 mm Hg in PP in ALT-711 (PϽ0.001) but not placebo (Pϭ0.83, Pϭ0.06 for interaction), and a fall in PWV by day 56 in ALT-711 (PϽ0.05) but not placebo. Figure 3A displays the absolute change in C A versus the corresponding change in MAP in the same subject. To enhance display clarity, data from days 28 and 56 were bin-averaged over incremental ⌬MAP ranges. Covariance analysis of these relations was based on the raw (nonaveraged) data for combined and individual study day results. There was a significant negative correlation between the parameters in both study groups (PϽ0.05 for ALT-711; PϽ0.0005 for placebo) as expected, because vascular stiffness increases at higher MAPs. However, ALT-711 treatment shifted this data upward (Pϭ0.001), demonstrating a greater rise in C A for any given change in MAP. This drug-interaction effect was significant at day 28 (PϽ0.001) and at day 56 (PϽ0.05), as well as for the combined analysis shown in Figure 3A .
ALT-711 Effects on C A Are Independent of Mean Pressure
The ALT-711 effect on C A was particularly notable in those individuals in who ⌬MAP declined modestly (Ͻ3 mm Hg), was unchanged, or rose ( Figure 3A ; region noted by bracket). Compared with baseline, C A declined at day 28 and day 56 in placebo group, but increased with ALT-711. This occurred despite similar net increases in MAP for both groups ( Figure 3B ). The C A response difference was also not associated with differential responses in PP (PϾ0.4 at both time points).
Tolerability and Safety
ALT-711 was well tolerated, with a similar proportion of patients reporting an adverse experience in ALT-711 (nϭ34; 54.8%) and placebo (nϭ19; 61.3%) groups. Adverse experiences reported by at least 5% of patients are provided in Table  2 . More serious events included 2 instances of atrial fibrillation, and one each of noncardiac chest pain, dizziness, uncontrolled hypertension, and lung neoplasm (the latter two Compliance/stiffness and arterial hemodynamics in ALT-711 and placebo groups. Data are shown as absolute change relative to baseline (ϮSEM) at both day 28 and day 56, the 2 posttreatment days when these parameters were assessed. Probability values reflect 2-way RMANOVA for a drug effect. Parameters reflecting total artery compliance or large-vessel stiffness (left panels: A through C) improved with ALT-711 treatment. In contrast, cardiac output, mean arterial resistance, and heart rate did not significantly change in either group (right panels; D through F). *PϽ0.05 vs baseline, †PϽ0.01 vs baseline, ‡Pϭ0.09 vs baseline. occurred in placebo group). There was a modest increase in serum triglyceride levels in the ALT-711 (mean change, increase of 33.5 mg/dL at day 56 versus increase of 3.5 mg/dL in placebo group). There were no changes in any other laboratory parameters or ECGs during the study, including glycosylated hemoglobin.
Discussion
Pharmacological Profile of ALT-711
This randomized, double-blind, placebo-controlled study shows that ALT-711 favorably impacts measures of vascular stiffening in older human subjects. The pharmacological profile of ALT-711 is fairly unique in that C A , PWV, and PP all changed without an apparent disproportionate decline in mean pressure, systemic resistance, cardiac output, or heart rate. The ALT-711 effect on C A was particularly striking (directionally opposite placebo) in individuals in whom mean pressure declined little or rose, again despite a lack of corresponding disparities in mean pressure.
The rapid onset of PP decline with ALT-711 was somewhat surprising, although it should be noted that differences between ALT-711 and placebo groups did not reach statistical significance until day 42. Experimental data do support AGE-crosslink breaker activity as early as 1 week, 20 and unpublished in vitro results show substantial ALT-711 effects within hours. The apparent early decline in PP should also be considered in light of concomitant reductions in pulse and mean pressure in the placebo group. Such responses are common in hypertension trials and may relate to familiarization with the clinical environment. 31 The early fall in PP with ALT-711 also likely included this effect, making the true drug-related time course more gradual.
These data are the first to suggest that AGE-crosslinks contribute to arterial stiffening in humans, supporting experimental studies performed in diabetic and nondiabetic models. 20 -23 These animal studies have also reported declines in systemic arterial resistance with ALT-711 (ranging from 25% to 40%), resulting in elevated cardiac output, 20, 22, 23 and this change was not observed in the present study. Although a modest decline in systemic vascular resistance may have occurred yet been undetected due to measurement noise, it is highly unlikely that changes of the magnitude observed in animals were missed in error because our sample size provided more than adequate power to detect even 10% changes. Other potential causes for the disparity in systemic vascular resistance response may have been greater largevessel stiffening in humans and the lack of anesthesia, which can influence baroreflexes. Finally, none of subjects had symptomatic ventricular hypertrophy or diastolic dysfunc- Figure 3 . A, Relation between absolute change in C A and corresponding change in MAP between baseline and day 28 and day 56 for ALT-711 and placebo groups (meanϮSEM). Individual data are averaged over ranges of ⌬MAP to simplify the graphic display. Statistical analysis employed a covariance model: ⌬C A ϭC 1 ϩ(C 2 ϫ⌬MAP)ϩ(C 3 ϫTREAT)ϩ(C 4 ϫTREATϫ⌬MAP), fit to the raw individual data; TREAT is a categorical variable for drug versus placebo; C 1 through C 4 are the regression coefficients. Both relations had a significant negative slope, but ALT-711 treatment shifted the regression significantly upward (C 3 : Pϭ0.001), reflecting a greater increase in compliance for any change in MAP. B, Change in C A and MAP at days 28 and 56 versus baseline in individuals in whom ⌬MAP was ՆϪ3 mm Hg (ie, data region delineated by bracket in panel A). C A declined in placebo, as expected, with a mean increase in MAP. However, C A increased in the ALT-711 group, despite the same rise in MAP (probability values are for between-group comparisons). Values are provided as percent of subject group.
tion, so whether ALT-711 enhances cardiac chamber distensibility in humans, as reported in several animal studies, 22, 23 remains unknown.
Methodological Limitations
We used an oscillometric device to assess arm cuff pressure. This commonly used method displays somewhat higher reproducibility than other approaches, 32 which is an important consideration for our study. However, data also suggest that vascular stiffening can lead to overestimated systolic and diastolic pressures with the technique, particularly when compared with zero-reference sphygmomanometry. 33 With lowered stiffening, one might observe a greater apparent decline in both blood pressures and a slight rise in PP. 33 However, we found the opposite, with PP declining more and diastolic pressure falling less than with placebo. We did not assess regional vascular distensibility (ie, pressure-dimension analysis) and although the parameters obtained are certainly influenced by central conduit stiffness, 34, 35 they are also sensitive to changes in small vessel capacitance and resistance. Clarification of the site(s) of ALT-711 effects awaits further study. Importantly, the parameters obtained provide important markers of cardiovascular risk. 6, 10, 11, 30 PWV was obtained using image-based nonsimultaneous analysis, which reflected practical concessions for this multicenter study. However, this likely contributed to increased signal noise.
Carotid tonometry was not performed because few centers had experience with the method, but this limited the analysis of wave reflections. Reconstructed central pressures cannot be used for this purpose, because there is insufficient highfrequency detail after band-pass filtering. 26 We used radial (as opposed to brachial) tonometry to enhance signal reliability and standardization among centers. One drawback is that waveform calibration becomes indirect, requiring an assumed fixed weighting of systole/diastole to estimate mean pressure from arm cuff data. Real changes in wave-shape can alter this weighting, and assuming it constant might result in underestimation of MAP decline or overestimation of C A rise. However, for this to have contributed to a directional bias between groups requires an undetected, greater decline in systemic vascular resistance with ALT-711. As noted, our study was adequately powered to detect modest changes in systemic vascular resistance, so a substantial yet undetected disparity was unlikely. Finally, although the HDI radial-pulse waveforms seem similar to those obtained by applanation tonometry, 25 they has not been directly compared with intra-arterial recordings.
The 2:1 randomization to ALT-711 provided additional safety/tolerance data, and it also enhanced the statistical power for revealing within-subject changes in the larger group. However, it did not necessarily favor revealing between-group treatment effects, which was our major focus. Because most subjects were concomitantly treated with various antihypertension therapies, the subset without treatment was too small to test the impact of therapy per se on the ALT-711 response. The study was also not powered to test the effect of diabetes mellitus on the ALT-711 response. Furthermore, inclusion of diabetes as an additional categorical variable did not alter the significance of drug treatment on any of the affected parameters. Only one dose of ALT-711 was studied, and short-and long-term safety data and identification of the full range of side effects awaits further study. Finally, ALT-711 may have sustained effects 21, 22 that could ultimately influence optimal dosing for humans, and this too remains to be determined.
Clinical Implications and Future Directions
ALT-711 seems to target larger compliance arteries by interacting with the structural molecules in the vessel wall. Its ability to reduce age-associated vascular stiffening without lowering systemic resistance, even in subjects with no change or an increase in mean pressure, suggests it may offer a novel therapeutic option to reduce PP. Nearly half of individuals older than 60 years have systolic pressures Ͼ160 mm Hg and diastolic pressures Ͻ90 to 95 mm Hg. In such patients, increased arterial stiffness interacts with even modest changes in systemic resistance to elevate systolic pressure and PP. Current treatment often focuses on lowering vascular volume or reducing smooth muscle tone, which can reduce both systolic and diastolic pressures, resulting in less fall in PP and suboptimal therapeutic benefit. 13, 15, 16 Nitrates can selectively affect systolic pressures, 36 although hysteresis and other factors have limited their use. ACE inhibitors, calciumchannel blockers, and nonpharmacological interventions such as exercise also improve large vessel compliance [37] [38] [39] ; however the independence of these effects from mean pressure is less certain. The present data show that ALT-711 can be effective, even in the presence of concomitant use of an ACE inhibitor/angiotensin II receptor blocker or calcium channel blocker. Thus, ALT-711 exerts additive effects by a presumably different mechanism.
Conclusion
In summary, ALT-711, an agent that reverses AGE crosslinking, improves C A and reduces arterial PP in older individuals with a stiffened vasculature. The likely ability of ALT-711 to target large vessel stiffness represents a novel hemodynamic profile and offers a promising new approach to reduce vascular stiffening and PP.
